In vitro production of porcine embryos by means of in vitro fertilization (IVF) or somatic cell nuclear transfer (SCNT) is limited by great inefficienciy. The present study investigated chromatin and nucleolar dynamics in porcine embryos developed in vivo (IV) and compared this physiological standard to that of embryos produced by IVF, parthenogenetic activation (PA), or SCNT. In contrast to IV embryos, chromatin spatial and temporal dynamics in PA, IVF, and SCNT embryos were altered; starting with aberrant chromatin-nuclear envelope interactions at the two-cell stage, delayed chromatin decondensation and nucleolar development at the four-cell stage, and ultimately culminating in failure of proper first lineage segregation at the blastocyst stage, demonstrated by poorly defined inner cell mass. Interestingly, in vitro produced (IVP) embryos also lacked a heterochromatin halo around nucleolar precursors, indicating imperfections in global chromatin remodeling after fertilization/activation. Porcine IVproduced zygotes and embryos display a well-synchronized pattern of chromatin dynamics compatible with genome activation and regular nucleolar formation at the four-cell stage. Production of porcine embryos under in vitro conditions by IVF, PA, or SCNT is associated with altered chromatin remodeling, delayed nucleolar formation, and poorly defined lineage segregation at the blastocyst stage, which in turn may impair their developmental capacity.
Introduction
F ertilization represents a massive break-point in the status of the fully differentiated maternal and paternal genomes. During sequential morphological remodeling and functional reprogramming events, the differentiated state is reversed into the pluripotent state of the early embryo. In the last decade, several studies aimed on discovering the molecular mechanisms contributing to the functional reprogramming of the genome. The majority of the studies focused on epigenetic modifiers and processes enabling activation and/ or silencing of developmentally important genes (Bourc'his and Voinnet 2010; Corry et al., 2009; Lorthongpanich et al., 2010) . However, changes in selected epigenetic marks may not necessarily represent the ultimate marker of reprogramming. But genome-wide analysis is time consuming, expensive, and requires large amounts of biological material.
Besides functional reprogramming of the genome, the epigenetic changes are associated with morphological remodeling of the chromatin (Ahmed et al., 2010; Pichugin et al., 2010) . Therefore, functional reprogramming is tightly linked to morphological chromatin remodeling and vice versa; changes in chromatin organization affect the expression profile of specific genes (Orkin and Hochedlinger, 2011; Pichugin et al., 2010; Thomas et al., 2011) . Upon fertilization, the fully condensed chromatin of mammalian oocytes and spermatozoa undergoes rapid decondensation, and chromatin enclosure by nuclear envelope results in the formation of the maternal and paternal pronuclei (Laurincik et al., 1995 (Laurincik et al., , 1996 . In subsequent cell divisions, the transcriptionally silent genome continues to be reprogrammed and chromatin is progressively rearranged. At the species-specific time point, the major portions of the newly formed genome becomes transcriptionally active indicating initiation of the embryonic developmental program (major embryonic genome activation, EGA) (Tomanek et al., 1989) . Concomitantly, the heterochromatin decondenses and disperses throughout the nucleoplasm in mouse and cattle embryos, while a small fraction of condensed chromatin remains visible (Ahmed et al., 2010; Svarcova et al., 2007) .
During differentiation, chromatin becomes organized into distinct territories characteristic for somatic cells. In mammals, the first differentiation results in establishment of two cell lineages, that is, the pluripotent inner cell mass (ICM) and unipotent trophectoderm (TE) of the blastocyst. The spatial organization of the nucleus in the TE is critically involved in regulating de novo gene expression by positioning the gene rich and decondensed euchromatin, from which genes are expressed, in the center and leaving the silent, highly condensed heterochromatin in the periphery along with the nuclear envelope (Cremer et al., 2006; Koehler et al., 2009; Mattout and Meshorer 2010; Pichugin et al., 2010) . In contrast, in pluripotent mouse cells, that is, ICM and embryonic stem cells, the chromatin is uniformly dispersed throughout the nucleoplasm, mostly represented by euchromatin (Ahmed et al., 2010; Efroni et al., 2008) .
In parallel with the chromatin, the nucleolus also dynamically evolves during early mammalian development. The nucleolus is the most prominent emerging nuclear structure around the ribosomal genes. Their transcription occurs in the periphery of fibrillar centers (FC) from where the primary transcripts localize to electron dense rims (densefibrillar component; DFC). After partial processing in DFC, the final assembly of ribosomal RNA into ribosomal subunits occurs in the granular component (GC) (Hernandez-Verdun et al., 2010) . The functional nucleolus contains all three components organized in the reticulated manner. After fertilization, active nucleoli do not exist. Instead, the formation of the pronuclei is accompanied by formation of nucleolar precursor bodies (NPBs); electron dense spheres not capable of ribosome biogenesis (Hyttel et al., 2000a (Hyttel et al., , 2001 . The first functional nucleolar compartments develop during EGA consistent with the initiation of ribosomal genes transcription, rendering the nucleolus a useful marker of proper genome activation (Hyttel et al., 2001; Svarcova et al., 2008) . However, the role of nucleolus in early chromatin reprogramming is largely unknown. Based on observations that the heterochromatin is tightly connected to NPBs it was previously suggested, that the NPBs may represent physical anchoring sites for a-satellite chromatin and other repetitive sequences during their redistribution within the nucleus (Martin et al., 2006a (Martin et al., , 2006b . Interestingly, the presence or absence of perinucleolar heterochromatin rims in embryos developed in suboptimal conditions has not yet been characterized.
The domestic pig (Sus scrofa) represents a unique animal model for biomedicine. The genetic, physiological, and anatomical similarities of the domestic pig with humans render this species excellent for study of several human diseases, and as donor of functional xenografts to overcome the growing shortage of human organs (Cozzi et al., 2009; Gil et al., 2010; Kragh et al., 2009; Schmidt et al., 2010; Wilmut et al., 2009 ). However, after many years of intensive research, in vitro (IV) production of porcine embryos remains inefficient compared to mice (Gil et al., 2010; Petersen et al., 2008; Suzuki et al., 2006; Yamanaka and Blau 2010; Zhou et al., 2010; Zhu et al., 2003) . The reduced embryonic development is most probably caused by subomptimal culture conditions, which in turn lead to insufficient epigenetic reprogramming as suggested by several studies ( Ju et al., 2010; Miyamoto et al., 2011; Yamanaka et al., 2009; Zhao et al., 2010a Zhao et al., , 2010b . In-depth analysis of chromatin changes during early porcine embryogenesis may be crucial for better understanding of reprogramming efficiency. Noteworthy, chromatin and nuclear dynamics in in vivo developed porcine embryos have not been studied yet. Thus, the field is still missing the standard required for comparison of developmental potentials of embryos of different origin.
Here we used transmission electron microscopy (TEM) to reveal chromatin changes in porcine embryos of different origins. The goal of the present study was designed to provide a detailed morphological description of chromatin dynamics in in vivo developed porcine embryos and compare this ''physiological standard'' with that observed in embryos produced under in vitro conditions, that is, parthenogenetic activation (PA), somatic cell nuclear transfer (SCNT), and in vitro fertilization (IVF) embryos. The data can be used as a guideline/ model for the rapid evaluation of the reprogramming efficiency in early embryos and in reprogrammed somatic cells. Moreover, the results point out the role of nuclear envelope in proper chromatin remodeling and importance of the pre-EGA period for subsequent embryonic development in the pig.
Materials and Methods
Production of embryos IV embryo collection. After insemination the sows were slaughtered at defined time points in a local slaughterhouse and uteri were transported to the laboratory at 37°C within 1 h. Uterine horns were flushed with prewarmed phosphatebuffered saline (PBS) enriched with 1% fetal bovine serum (FBS) to collect the embryos. The embryos were recovered from the flushed PBS at different time points: days 1-2 (zygotes), days 2-3 (two-and four-cell stages), days 3-4 (fourand eight-cell/morulae), days 5-6 (early blastocysts), and days 6-7 (late blastocysts).
In vitro fertilization (IVF). The reagents were purchased from Sigma (Sigma-Aldrich, Vallensbaek, Denmark) and the plastic ware was from Nunclon (Nunc, VWR International, Albertslund, Denmark). Prewarmed (30 min) four-well plates containing 0.5 mLof the appropriate medium covered with 0.4 mL mineral oil (M 8410) were used for IV maturation of oocytes (IVM), IVF, and embryo culture (IVC). Incubations were performed at 38.5°C in 5% CO 2 [95% humidified air (IVM and IVF), or in 5% O 2, 90% N 2 (IVC)]. Cumulus-oocyte complexes (COCs) were isolated from abattoir Danish Landrace · Yorkshire gilt ovaries, which were maintained at 30-33°C until follicle aspiration. Only 3-8-mm follicles were aspirated, and COCs where at least three layers of cumulus cells were selected for the experiments. IVM was performed for 42-44 h in TCM-199 (M 2154) supplemented with 50 ng/ mL epidermal growth factor (EGF; E4127), 10 IU/mL equine chorionic gonadotropic (eCG), 5 IU/mL human chorionic gonadotropic (hCG; Suigonan Vet., Intervet Scandinavia, Skovlunde, Denmark), 50 lg/mL gentamicin (G 1264), 100 lM 2-mercaptoethanol, 5 lL/ml Insulin-Transferrin-Selenium, L-Glutamine-Penicillin-Streptomycin (G6784), and 4 mg/mL bovine serum albumin (BSA, A 3311).
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Mixed Duroc semen in extender was purchased from a boar station (Hatting-KS, Ringsted, Denmark) and kept at 16-18°C until use. Semen was washed in noncapacitating medium (113 mM NaCl, 5 mM KCl, 5.56 mM glucose, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 22 mM Na-lactate, 5 lg/mL phenol red, 50 lg/mL gentamicin), and then resuspended in capacitating IVF medium (90 mM NaCl, 12 mM KCl, 0.5 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 0.5 mM MgSO 4 , 2 mM Napyruvate, 8 mM CaCl 2 , 1.9 mM caffeine, L-Glutamine-Penicillin-Streptomycin (G6784), 5 lg/mL phenol red, 4 mg/ mL BSA), and finally preincubated for 10-15 min. IV insemination was performed with a final sperm concentration of 1 · 10 6 /mL. At 24 h postinsemination, excess sperm and cumulus cells were removed from presumptive zygotes and were cultured in porcine zygote medium (PZM) supplemented with 5% FBS (Yoshioka et al., 2002) and collected at 26 and 34 h postinsemination. Embryos were collected on day 2 (two-cell stages), day 3 (four-cell stages), day 4 (eightcell/morulae), days 5-6 (early blastocysts), and days 6-7 (late blastocysts) post insemination. The blastocyst rate in the system varied between 1 and 10% with little variation between experimental replicates.
Parthenogenetic activation (PA)
Slaughterhouse derived (25-35°C) ovarian follicles (3-8 mm) were used for COCs aspiration and, selected COCs were cultured in 400 lL bicarbonate-buffered TCM-199 (M-2154; Sigma) supplemented with 10% (v/v) cattle serum (BS; Danish Veterinary Institute, Copenhagen, Denmark), 10% (v/v) pig follicular fluid (pFF), 15 IU/mL Suigonan, 0.8 mM glutamine and 0.05 mg/mL gentamicin (Suigonan Vet; Intervet, Skovlunde, Denmark), at 38.5°C in four-well plates with 5% CO 2 and 100% humidity air using Submarine Incubation System (SIS) (Vajta et al., 2004) . The oocytes were equilibrated in the activation medium [0.3 M mannitol, 0.1 mM MgSO 4 , 0.1 mM CaCl 2 , supplemented with 0.01% (w/v) PVA] after removal of the excess cumulus cells from the COCs. The equilibrated oocytes were aligned on the wire of the fusion chamber using the same AC (0.006 kV/cm and 700 kHz) and a single DC pulse (0.126 kV/ cm for 80 ls) was used for the activation. The pairs were carefully transferred and activated in the NUNC four-well plates containing PZM-3 medium (Yoshioka et al., 2002) supplemented with 5 lg/ mL CB and 10 lg/mL CX at 38.5°C in 5% CO 2 , 5% O 2 , and 90% N 2 with maximum humidity for 4 h. Activated zonaintact embryos were cultured in the four-well plate, with 400 lL PZM-3 medium at 38.5°C in 5% CO 2 , 5% O 2 , and 90% N 2 with maximum humidity. Embryos were collected at different time points after activation: 4-6 h (early one-cell stages), 16-20 h (late one-cell stages), day 2 (two-cell stages), day 3 (four-cell stages), day 4 (eight-cell/morulae), day 5 (early blastocysts), and day 6 (late blastocysts). The blastocyst rate in the system varied between 50 and 60%.
SCNT
Slaughterhouse derived ovarian follicles (2-6 mm) from prepubertal gilts were aspirated and IVM was performed in NCSU-37 maturation medium supplemented with 0.1 mg/ mL cysteine, 10 ng/mL EGF, 10% pFF, 50 M 2-mercaptoethanol, 0.5 mg/mL dibutyryl cyclic AMP (dbcAMP, Sigma-Aldrich, Germany), 10 IU eCG (Intergonan Ò , Intervet, Germany), and 10 IU hCG (OvogestÒ, Intervet, Germany) for 22 h in humidified air with 5% CO 2 at 38.5°C (Petersen et al., 2008) . Additional IVM (16-22 h) was performed by transferring them into fresh NCSU-37 without dbcAMP, eCG, and hCG. Subsequently, selected oocytes with typical morphology and visible first body were enucleated by removing the first polar body and the metaphase plate. The serum starved (48 h; DMEM 0.5% FCS), cell cycle arrested (G0/G1) donor porcine fibroblasts (PF) (Kues et al., 2002) were trypsinised and subsequently transferred in the perivitelline space after centrifugation (200 · g/3 min · 2) and resuspension in Ca 2 + free TL-HEPES. The couplet was fused in Ca 2 free SOR2 medium (0.25 mol/L Sorbitol, 0.5 mmol/L Mg-acetate, 0.1% BSA) by providing a single electrical pulse of 1.1 kV/cm for 100 sec (Eppendorf Multiporator Ò , Eppendorf, Germany). The reconstructed oocytes were activated in an electrical field of 1.0 kV/cm for 45 s in SOR2 activation medium (0.25 mol/L Sorbitol, 0.1 mmol/L Ca-acetate, 0.5 mmol/L Mg-acetate, 0.1% BSA) and incubated with 2 mmol/L 6-dimethylaminopurine (DMAP, Sigma, Germany) in NCSU23 medium. The embryos were collected at 4-6 h (early one-cell stages), 16-20 h (late one-cell stages), day 2 (two-cell stages), day 3 (four-cell stages), day 4 (eight-cell/ morulae), days 5-6 (early blastocysts), and days 6-7 (late blastocysts). The blastocyst rate for SCNT embryos in this experiment was 9.45% (59/624).
Processing for light and transmission electron microscopy
The collected embryos of all types were fixed in 3% glutaraldehyde in 0.1 M Na-phosphate buffer (pH 7.2) at 4°C for 1 h. Subsequently, the embryos were washed in buffer, postfixed in 1% OsO4 in 0.1 M Na-phosphate buffer, embedded in Epon, and serially sectioned into semithin sections (2 lm). The sections were stained with basic toluidine blue and evaluated by bright-field light microscopy. All embryos were serially sectioned into semithin sections that were carefully examined in order to assure the desired stages of embryonic development. Selected semithin sections were reembedded as described earlier (Hyttel and Madsen, 1987) and processed for ultrathin sectioning (70 nm). The ultrathin sections were contrasted with uranyl acetate and lead citrate and examined on a Philips CM100 transmission electron microscope (Darmstadt, The Netherlands).
Results
The numbers of IV, IVF, PA, and SCNT zygotes and embryos analyzed by TEM are presented in Table 1 . An overview of morphological characteristics of IV, IVF, PA, and SCNT zygotes and embryos is presented in Figure 1 .
One-cell stage/zygote
The nine evaluated IV zygotes had either two individual peripheral pronuclei (1/9), two centrally apposed pronuclei (4/9) ( Fig. 2; A1, arrowhead) , or chromosomes at different phases of mitosis (2/9). The two remaining zygotes presented metaphase plate and condensed sperm. Both, the peripheral and the apposed pronuclei contained abundant euchromatin and sparse heterochromatin, located either as aggregates in the nucleoplasm and/or attached to the nuclear envelope ( Fig. 2; A2, arrow) . Heterochromatin density was highest at the sites of pronuclear apposition. On average, each zygote possessed two to five intact NPBs, equally distributed between the two pronuclei. The NPBs were surrounded by a halo of heterochromatin ( Fig. 2; A2 , arrowhead, detail in A3).
Large exvaginations of the outer membrane of the nuclear envelope were observed in all five IV zygotes with pronuclei and persisted throughout the two-cell stage (Fig. 3A) . The exvaginated membrane was often connected to stacks of cytoplasmic annulate lamellae (CAL) or the smooth endoplasmic reticulum ( Fig. 3B; arrowhead) . At the exvaginations, the dilated perinuclear cisternae contained small vesicles with a content of varying electron-density ( Fig. 3C ; arrowhead). Numerous loose structures resembling these exvaginations were found in the deep and cortical cytoplasm detached from the nuclear envelope ( Fig. 3D and E) .
Nine out of 10 IVF zygotes presented more than two pronuclei, which were located eccentrically, either solitarily or in apposition with each other (Suppl. Fig. 1A ; see online supplementary data at www.liebertonline.com/cell). The pronuclei presented varying amounts of heterochromatin. On average, each zygote presented four to seven NPBs, which showed a complete lack of or less developed halo of heterochromatin ( Fig. 4; A2, arrowhead) .
One-cell PA embryos had either one (2/9) or two (2/9) pronuclei (Suppl. Fig. 1B ) or had progressed into mitosis (5/ 9). The nuclei possessed varying amounts of heterochromatin, which was distributed in the nucleoplasm. On average, each embryo presented two to four NPBs, which lacked the halo of heterochromatin ( Fig. 4; A3) .
One-cell SCNT embryos typically presented a single pronucleus-like nucleus (6/7), which showed decreased abundance of heterochromatin, exclusively attached to the nuclear envelope, as seen in the IV zygotes (Suppl. Fig. 1C) . In general, one to three NPBs were found per nucleus, and the heterochromatin halo was lacking ( Fig. 4; A4) .
Two-to four-cell stage/embryonic genome activation period
In all IV embryos, each cell displayed a single nucleus ( Fig.  2; B1, arrowhead) . The two-cell stage nuclei displayed higher amounts of heterochromatin firmly attached to the nuclear envelope compared to the zygotes (Fig. 2; B2, arrow) . Each nucleus had two to five NPBs with a halo of heterochromatin ( Fig. 2; B3, arrowhead) . Nuclear envelope exvaginations similar to the zygote were observed.
The nuclei of the four-cell embryos displayed the least amount of heterochromatin of all stages (Fig 2; C1 , arrowhead). The rare heterochromatin clusters were attached to the nuclear envelope and/or to NPBs as a halo (Fig. 2; C2 , arrow and arrowhead). All five evaluated four-cell embryos presented transformation of NPBs into fibrillogranular nucleoli: FCs surrounded by DFC and GC coated the NPBs (Fig. 2; C3 ). Developing fibrillogranular nucleoli were found together with intact nontransformed NPBs in the same nucleus. Nuclear envelope exvaginations were no longer observed. IV  9  5  5  2  3  3  IVF  10  5  5  5  3  2  PA  9  5  7  3  5  5  SCNT  7  5  4  3  5  5 IV, in vivo developed; IVF, in vitro fertilized; PA, parthenogenetically activated; SCNT, somatic cell nuclear transfer.
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All IVF embryos at two-and four-cell stages had bi-or polynucleated cells. Micronuclei were often closely associated with the primary nuclei (Suppl. Fig. 1D ). In two-cell embryos, the nuclei presented varying amounts of heterochromatin, whereas in four-cell embryos the nuclei resembled the IV two-cell nuclear morphology, except for less attachment of the heterochromatin to the nuclear envelope. Both two-and four-cell embryos presented two to five NPBs per nucleus, and the heterochromatin halo around the NPBs was absent (4/5 at the two-cell, and 3/5 at the four-cell stage) or was less developed (1/5 at two-cell, and 2/5 at four-cell stage) ( Fig. 4; B2, arrowhead) .
Half of the PA embryos at the two-cell and one-third at the four-cell stage possessed bi-or polynucleated cells (Suppl. Fig. 1E ). In two-cell embryos, the nuclei presented even more heterochromatin dispersed in the nucleoplasm than the IV two-cell nuclei, but heterochromatin was not attached to the nuclear envelope. Moreover, the heterochromatin halo around the NPBs was lacking. In the four-cell embryos, the nuclei resembled the IV two-cell nuclei. The heterochromatin halo around the NPBs, of which each cell in general presented two to four, was inconsistent and development of fibrillogranular nucleoli was not observed (Fig. 4; B3 , arrowhead).
Most of the SCNT embryos presented bi-or polynucleated cells at the two-cell stage (4/5) and four-cell stage (2/4). Extra micronuclei were often located in close association with the primary nuclei (Suppl. Fig. 1F ). Some embryos at the two-(1/5) and four-cell (3/4) displayed nuclei similar to the IV two-cell nuclei except for having slightly less heterochromatin. The remaining embryos presented chromatin similar to their IVF counterparts. In general, one to six NPBs were found per nucleus, and they lacked the consistent heterochromatin halo (Fig. 4; B4) . Development of fibrillogranular nucleoli was not observed.
Eight-cell stage to morulae
The nuclei of IV embryos at the eight-cell/morula stage presented increased amounts of heterochromatin that was homogenously distributed throughout the nucleoplasm (Fig.  2; D2, arrow) , and the fibrillogranular nucleoli (Fig. 2; D3) . Occasionally, developing nucleoli and NPBs were observed together with fibrillogranular nucleoli.
The nuclear morphology in IVF embryos at the eight-cell stage was identical with that of four-cell stage embryos. A total of 50% of cells were polynucleated. Development of fibrillogranular nucleoli was not observed (Fig. 4; C2) .
All PA embryos at the eight-cell/morula stage presented a single nucleus in all cells. Nuclear morphology was similar to the IV eight-cell/morula nuclei. Fibrillogranular nucleoli were observed in all blastomeres (Fig. 4; C3) .
The eight-cell/morula SCNT embryos presented a single nucleus in all cell. The nuclei resembled the IV four-cell nuclear morphology without formation of functional nucleoli and attachment of heterochromatin to NPBs (Fig. 4; C4) .
Blastocyst stage
Early IV blastocysts presented segregation of the ICM and TE resulting in a well-defined ICM at the late blastocyst stage (Fig. 5, upper overview) . In early blastocysts, both ICM and TE nuclei displayed the same chromatin distribution as at the eight-cell/morula stage, except for a slightly higher abundance of heterochromatin ( Fig. 5A and B, arrows) . In late blastocysts, the ICM nuclei were larger and round, but showed the same chromatin pattern as in early blastocysts (Fig. 5C, arrow) . On the contrary, the TE nuclei were smaller and elongated and displayed higher amounts of heterochromatin, mainly attached to the nuclear envelope (Fig. 5D,  arrow) . Both cell types presented fibrillogranular nucleoli, which typically were larger in the ICM cells ( Fig. 5a-d) .
Neither early nor late IVF blastocysts presented welldefined ICMs, and both ICM and TE cells were extraordinary few and large and binucleated in at least one blastomere (Suppl. Fig. 2A, enlarged in 2B) . Both early and late blastocysts presented ICM nuclei similar to the IV blastocyst, but the TE nuclei presented increased amounts of heterochromatin. Moreover, the late blastocyst TE nuclei often presented NPBs instead of fibrillogranular nucleoli (Fig. 4; D2) . Occasionally, ring-shaped NPB-like structures were found in the cytoplasm.
All early and late PA blastocysts had only very few presumptive ICM cells, whereas the TE was morphologically well-defined and developed. Both ICM and TE cells were large and in three out of five blastocysts, binucleated cells were observed. In both early and late blastocysts, the nuclei resembled those of early IV blastocysts, that is, with sparse heterochromatin. However, both NPBs and developing fibrillogranular nucleoli were observed ( Fig. 4; D3) .
Both early and late SCNT blastocysts lacked a welldefined ICM. Only a few large ICM and TE cells were found which were in two out of five blastocysts binucleated. The nuclei resembled those of early IV blastocysts, that is, with sparse heterochromatin. However, both NPBs and developing fibrillogranular nucleoli were observed ( Fig. 4; D4) . Both nucleoli and NPBs were smaller compared to all other types of blastocysts.
Discussion
Proper chromatin dynamics is essential for reprogramming of the parental genomes at the onset mammalian development. Chromatin distribution in differentiated cells follows a strict pattern, placing transcriptionally silenced heterochromatin at the nuclear periphery in close contact with the nuclear envelope (Ellis et al., 1997; Izumi et al., 2000; Spann et al., 1997) . Notably, our study revealed strong attachment of heterochromatin domains to the nuclear envelope (NE) in IV two-cell stages. This conformation was dramatically reorganized and replaced by fully decondensed chromatin at the four-cell stage, when the embryonic genome is activated and evidenced by the establishment of functional nucleoli (Hyttel et al., 2000b; Svarcova et al., 2009; Tomanek et al., 1989) . Chromatin attachment to the nuclear envelope was first reestablished in the TE cells in the late blastocysts, coinciding with the first lineage formation and restriction of developmental potency of TE cells. In the blastomeres after 
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the EGA and in the ICM cells, heterochromatin was more or less randomly distributed throughout the nucleoplasm similar to other pluripotent cell populations (Ahmed et al., 2010; Martin et al., 2006b) . The transient establishment of heterochromatin domains at the two-cell stage was not observed in IVF, PA, and, to so some extent in SCNT embryos before the four-to eight-cell stage. Moreover, the persistent localization of heterochromatin along the nuclear envelope in SCNT embryos indicates maintenance of somatic chromatin pattern, which has not been remodeled after SCNT (Ostrup et al., 2009; Pichugin et al., 2010) . Furthermore, the subsequent extensive chromatin decondensation at the four-cell stage, synchronized with the EGA, was absent in the IVP embryos. Nuclear envelope proteins form tight complexes with heterochromatin components, for example, HP1 and cores of H3 and H4 (Guarda et al., 2009; Holmer and Worman 2001; Polioudaki et al., 2001) . Interestingly, the envelope represents not only passive anchoring sites for condensed chromatin, but it also recruits chromatin actively by triggering gene silencing (Gruenbaum et al., 2005; Guarda et al., 2009; Sui and Yang 2011; Wang et al., 2002) . Thus, the ability of the nuclear envelope to mediate interactions between chromatin remodeling proteins and the DNA may be critical for functional changes in activity and spatial remodeling of chromatin in early embryos. All three types of IVP embryos have decreased developmental potentials. The localization of heterochromatin to the nuclear envelope preceding the EGA and subsequent global chromatin decondensation are essential mechanisms for proper embryonic development. Moreover, the early deviations in chromatin dynamics suggest aberrations occurring already during in vitro oocyte maturation and/or initial embryonic cleavage. Adding to the complexity of nuclear envelope function during initial embryogenesis, the exvaginations of the nuclear envelope (blebbing), observed only in IV zygotes and two-cell stages, are considered an important feature for successful genomic reprogramming and embryonic development (Kanka et al., 1991; Lavoir et al., 1997; . As this feature is observed exclusively prior to the EGA, blebbing, interaction with annulate lamellae and smooth endoplasmic reticulum, and subsequent formation of extra-nuclear vacuoles indicate a critical role of the envelope in degradation of nuclear factors that might otherwise negatively impact the EGA , as also indicated by our data on IVF, SCNT, and PA embryos.
NPBs also contribute to the regulation of chromatin remodeling in early embryos. The perinucleolar chromatin contains centromeric and pericentric silent heterochromatin (Fulka and Fulka, 2010; Gavrilova et al., 2009; Ogushi et al., 2008) and a satellite DNA repeats contributing to the formation of chromocentres (Ahmed et al., 2010; Gavrilova et al., 2009; Martin et al., 2006a Martin et al., , 2006b Pichugin et al., 2010) . Hence, in mammalian embryos, the NPBs are likely to serve as anchors of specific chromatin domains as well as anlagen for nucleolar formation. The lack of a halo of heterochromatin around the NPBs in the majority of IVP embryos signals to some extend aberrations in the remodeling processes. Moreover, the occurrence of cytoplasmic NPB-like material further supports our observations on detrimental effect of culture condition on early porcine embryos (Hyttel and Niemann, 1990 ) and further substantiates our present ob-servations of aberrant nucleolar functions under in vitro conditions.
The retained immaturity in nucleolar morphology, visible in IVP embryos from the four-cell stage by delayed nucleolar formation, and continuing toward the blastocyst stage with presence of extranuclear nucleolar-like material, may also indicate aberrant regulation of pluripotency. Nucleoli host proteins critical for establishment of pluripotency, for example, NUCLEOSTEMIN (Beekman et al., 2006) , NANOG (He et al., 2006) , and MLL2 (Andreu-Vieyra et al., 2010) . Regular nucleolar function may therefore contribute to the first lineage segregation, which under normal circumstances correlates with formation of the pluripotent cell population in ICM. Thus, the absence of well-defined ICM in IV-produced blastocysts may also be a consequence of nucleolar dysfunctions.
In conclusion, porcine IV zygotes and embryos display a well-synchronized pattern of chromatin dynamics compatible with EGA and nucleolar formation at the four-cell stage. Production of porcine embryos under in vitro conditions by IVF, PA, or SCNT is associated with altered chromatin remodeling, delayed nucleolar formation, and poorly defined lineage segregation at the blastocyst stage, which in turn may impair their developmental capacity.
